The optimal matching of a propeller to the hull and the diesel engine of the combine diesel or gas (CODOG) system is a critical design analysis in ship building. In this research work, a controllable Pitch Propeller (CPP) was considered whereby the pitch was varied, but only the extreme pitch set the limit of operation and matching was done with the extreme pitch condition. It considers the performance analysis of the propeller, the hull and the engine both in design and off design conditions. Without propulsion a vessel built cannot move and so choosing the right propeller to match the hull and engine is very vital. The various processes involved in the matching of the propeller to the diesel engine and hull of the vessel are considered, in order to achieve optimal performance of the vessel. A Java program (prop-matching) was developed to facilitate the matching process. The graphs obtained are used to determine the matching point at corresponding speed and power. The thrust and torque developed under different conditions as well as their significance, considering the fact that the propeller is a CPP. The engine response in transient conditions in reaction to the turbo charger was considered, the matching graph of the turbo charger compressor was discussed, and the calculated mass flow rate with various engine speeds and boost pressure were also discussed. This program was further used in matching the propeller to the hull and diesel or gas engines of a F90 frigate. The corresponding propeller rpm and engine power with pitch ratios from the program were similar to those from the design of the frigates. The various thrust and torque coefficients and open water efficiency all correspond to the simulated results of those of the naval frigate.
Introduction
The matching of a propeller to the engine and hull of a vessel is a key design analysis in ship building and especially in the design of the propulsion system of a combined system. The matching of the engine and gear ratio to the propeller means that the equilibrium between the available engine torque and the required propeller torque will not overload the engine and that the thrust required to make speed is available throughout the range of operation. The recent availability of modern computers has made propeller calculations much easier than it was before now. The characteristics of the propeller used on most small vessels are relatively easy to calculate, either with the use of a spreadsheet program such as excel or with dedicated propeller software [1] .
For a vessel to achieve its desire speed, overcome resistance and allow for high engine performance, optimal matching of the propeller is very important as this will reduce cost that may arise from fuel consumption, vibration induced stresses, which may contribute to already existing stresses of engine load, and wave motion on the vessel [2] . "To optimize the system, the following parameters must be considered, type of propulsion, maneuverability, fuel consumption, payload, main dimension, passenger/crew comfort, effects on the maritime environment, initial investment cost and so forth. But often, the initial investment cost becomes the major decision factor, while factors such as the life cycle perspective, the total fuel bill, and the total environmental impact over the ships lifetime are given less attention" [3] .
The use of CODOG for main propulsion has become imperative especially as it relates to naval frigates. CODOG is commonly associated with naval frigates and the need to implore this system is the key to our national development; it is economical, such that the diesel engines can be used while on patrol on cruising speed and the gas turbine for chase in the event of attack at high speed, but not both systems at the same time. The need for optimal propeller matching to the CODOG system cannot be over emphasis [4] . Marco et al., (2005) investigated the matching of propulsion plant and fuel consumption. However their work emphasized more on fuel consumption and emission control, even though the author discussed about the optimal pitch matching to achieve this aim [5] . Pivano (2008) explained the speed and position control system for marine vehicles with respect to performance and safety. He discussed on semi-submersible rigs and how to keep them in position and heading to achieve high accuracy and precision. He focuses on thrust estimation and control of marine propellers with particular attention to four quadrant operations. In the overall control system it is seen that propellers play a fundamental role since they are the main force producing devices and it is expected that the propellers produce the desire thrust regardless of the environmental state [6] .
The CPP can develop more thrust than its fixed pitch counterpart over most of the stopping manoeuvre, simply because its pitch can be adjusted to suit the highly off-design flow conditions that exist transiently. Thus stopping time and O. B. Ogar et al. Journal of Power and Energy Engineering distance are expected to be shorter when a CPP is used. The CPP provides means of reversing thrust without reversing rotation. It thereby eliminates the need for a reverse train in reduction gears or for reverse running features with a direct-connected engine [7] . Zarbock in his investigation into "controllable pitch propeller for future warships and yachts" discussed extensively on the possibility and the boundaries of the hydrodynamic propeller design. The blade strength, analysis of blade fatigue and components of the controllable pitch system are components that must be taken into consideration [8] . Schultten in his thesis discussed on the investigation into the thermal loading and possible overloading of the Diesel Engine (DE) in a turn and the development of a constant K t controller (meant for cavitation reduction) in his research he delve into answering questions like "what are the effects on a diesel engine if the maximum rudder angle is enlarged", "what if the ship speed was controlled instead of the shaft speed" he went further into modeling the DE incorporating the sequential turbo charging system and the effects of the diesel engine variables ;temperature, torque and pressure on the performance of the DE [9] . Barry (2005) , extensively discuss about propeller matching, though emphasis was for boat and small ships. He progressively handles section by section discussion on the steps and processes involve in propeller matching to the hull and vessel. He discussed the propeller characteristics, engine characteristics as well as the hull form and the propeller design itself. Though there was no matching graph to buttress this point and further in clear terms how the matching point is determined [1] . Figure 1 shows the CODOG system, combine diesel and gas (CODAG), combined diesel and diesel (CODAD). "But important of note is the power required.
Propeller and Propulsion Plant Arrangement
The needed power to maintain constant ships speeds will vary with different optimum propeller design speed i.e. revolutions per minutes (rpm). Finding the most economic and reasonable matching point between engine and propeller on a constant ship speed curve in the layout area therefore becomes a matter of great importance" [10] .
For a proper propeller matching entails a reduced fuel consumption, low emission control, and reduced noise and vibration [12] . Stapersma & Woud in Figure 1 . A typical CODOG system configuration with two propellers [11] . 
Choice of Propeller
In propeller design the basic data are derived from advance hydrodynamic theories, practical experience and numerous model tests at various hydrodynamic institutes. Each blade is specially designed for a certain ship's hull and its operating conditions; the total propeller efficiency, suppressed noise level and vibrations are prime design objectives [14] and [15] . Propeller theory is based on The advanced number;
The thrust coefficient;
The propeller torque as;
By means of special and complicated propeller diagrams, which amongst others, include, , , T Q J K K curves, it is possible to calculate the propeller size, the efficiency, the thrust pressure, and the shaft power. From the open water diagrams, off design conditions which affects the operating point of the propeller can be analyzed and resolved. This will be used as we progress further in solving some of the off design conditions that affects the operational envelope of the propeller and results will be discussed [16] .
Prior to manufacturing a propeller, the accuracy class standard must be established. Table 1 shows four different accuracy classes. Each class describes the maximum tolerance of the average pitch of the manufactured propeller, including the maximum tolerance of the corresponding propeller speed (the rate of revolution) the tolerance of the pitch should not be in excess of ±1.0%, the accuracy of manufacturing the propeller corresponds to the accuracy of the propeller speed (rate of revolution) tolerance and is ±1.0%.
Cavitation Criteria
Cavitation is a phenomenon observed in highly loaded propellers, manifesting itself beyond a certain number of revolutions of a propeller by noise, vibration and erosion of the propeller blades, strut and sometimes even rudders. An increasing loss of thrust will cause cavitation which must be avoided in the design of propeller [17] .
Cavitation number σ, can be calculated using the formula below.
( )
The critical thrust coefficient crit τ is define by the formula below 
where p A = the projected area, a V = the speed of advance, n = propeller rpm, D = propeller diameter.
Materials and Methods

Research Methods
In matching a propeller to the ship hull and engine, the total resistance of the vessel must be known, propeller selection with torque and thrust to overcome the resistance and selecting an engine that match the propeller. In doing this the propeller characteristics and engine characteristics must be harmonized for effective fuel consumption and reduced vibration thereby achieving optimal matching. When an engine is to be matched with a propeller the following criteria should be met; [18] [19] .
The engine is able to develop full power or nearly full power at the design condition. Table 2 shows the engine data from the Diesel and gas turbine engines of the CODOG system. Table 2 . Case study vessel design data [23] . 
Ship Resistance Estimation
To propel a ship, it is very necessary to overcome the resistance of the ship, the resistance is highly influenced by it speed, displacement and hull form. It is imperative to outline the various steps in calculating the ship resistance.
According to ITTC calculation procedures in finding the resistance of a ship using a model test, firstly a scale is chosen [20] In this research due to the availability of a working model and a towing tank, and because the case study, is refitting a propeller to the ship. Back calculation procedures are best matching technique. Back calculation entails us knowing the rpm and the propeller characteristics, then we can calculate the current resistance, including all of the adjustments already made, this is done by determining the characteristics of the propeller and gear ratio, then measure speed and rpm.
With this data I have to use the program design to determine the thrust and torque. The existing thrust for case study vessel is, T = 667,233.24N.
Relationship between the Hull Interaction, Propeller and Main Engine
For an effective interaction between the hull, propeller and the main engine the following requirements must be satisfied. The torque necessary to rotate the propeller must be equal to the torque delivered by the engine unto the end of the tail shaft. The number of revelations of the propeller must be equal to the engine rpm (with allowance for gear for medium and high speed engine). The thrust of the propeller must be equal to the resistance of the ship at a given speed, taking into consideration the thrust deduction.
The propeller delivers a thrust power The thrust power may be bigger or smaller than the effective power, depending on the mutual interaction between the hull and the propeller. The ratio of the effective power to the thrust power is the hull efficiency, expressed thus;
( ) ( )
where t = thrust deduction, w = wake fraction
The total resistance of the vessel will be calculated using Equation (12) . Because in this very case the thrust of the propeller is available from the ships machinery data.
The efficiency depends on the value of the coefficients w and t. i.e. on the shape of the hull and the number of propellers.
For this vessel, the wake w and thrust deduction fraction for its twin screw is define thus; 0.55 0.20
In general wl C is approximately 0.10 higher than the B C . Slightly higher with fast ships with low B C where stern is partially submerged.
Therefore 0.15
From ships data the following are obtained.
From Equation (19) , 0.5398
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Hence from Equation (17), 0.0969 w = .
And 0.6898
Propeller Hydrodynamic Equations
The polynomials derived from the B-series report will be used to plot the open water characteristics for Reynolds number 6 2.0 10 × and for ranges of number of blades, blade area ratio and pitch-diameter ratio. The extent of applicability of the polynomial is also discussed [21] . The derived polynomial expressed the thrust and torque coefficients in terms of number of blades, the blade area ratio, pitch-diameter ratio, and advance coefficient. The Reynolds number effect and the effect of variation of blade thickness on the B-series propeller characteristics have also been evaluated.
The polynomial for T K and Q K derived with multiple regression analysis are;
The Reynolds number correction of 2.0 × 10 6 applies to the equations.
The coefficients (1), it can be seen that the advance ratio J, the wake fraction w, and the propeller speed can be determined as a function of ship speed.
The open water efficiency can be expressed in these three terms: Also with the torque coefficient Q K and relative rotative efficiency R n the propeller load can be determined.
The open water efficiency can be expressed in this three terms: from the equation below 
But Power and torque are related thus
From propeller law;
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K TShip or K TPrime is also derived thus. When n is not known ( )
Discussion of Results and Findings
Propeller Matching Program Interface
The propeller matching program interface is user friendly and easy to execute.
On running the program a dial-up box pops up to enable you to input the hull information and vessel speed, the engine data and as well as the propeller data. Table 3 shows the results of the gas turbine engine and diesel engine design conditions while Table 4 shows the result of the sea trial conditions of the gas turbine engine and the Diesel engines. The variation in coefficient is an indication that various conditions of the vessel affect the performance of the engine and propeller. From Table 3 and Table 4 it can be seen that as the resistance/Thrust increases with a corresponding decrease in speed the matching pitch of the propeller reduces from 1.092 to 0.99 for the gas turbine and from 0.856 to 0.764 for the diesel engine in the design condition and sea trial conditions respectively. The open water efficiency corresponding to the intercept will be 0.566. The delima that may arise in matching a propeller to the engine is the rated power, rpm and pitch, in most cases a tradeoff has to be made in term of propeller efficiency in other to achieve the rated power and rpm, therefore it is advicable to pitch the propeller to achieve the rated power and rpm and a tradeoff is made for the efficiency which in most cases will or may not be much, say 1.5% to 5% with a corresponding percentage increase in rpm. The controllable pitch
Propeller Open Water Characteristics Results from the Java Program
propeller offers a solution to this dilema. The power of the engine is developed only at the point of intercept of the engine power of 100% power and propeller power for pd = 0.856 as shown in Figure 6 . If then the engine is to develop rated power, the propeller curve must have to pass through that point. Otherwise, the rated rpm will be reached before the rated bmep (pitch too low) or rated bmep will be reach before rated rpm (pitch too high). But in some instances the rate power cannot be reach, this becomes a case of "hitting the corner" via the designer choice of propeller pitch. maintain that rpm would exceed that available from the driver (engine). So at all times it becomes imperative to keep all conditions of the engine in good performance for maximum power delivery.
Off Design Conditions
It is noted that changes occur in propeller-hull conditions during service, and these are compensated for by allowing a margin in selecting the design point.
Let's recognize that there are always uncertainties (finite probabilities of error) in design and manufacturing processes. For instance the propeller will not have exactly the pitch ratio specified, or if it did, will it produce the exactly the efficiency and rpm that the design charts predict. Analogous statement can be made for the engine. As a result "hitting the corner" precisely can only happen fortuitously. Fortunately, the consequences of this handicap can be handled by modification to the design process. It has been said that the engine develops it rated power when it produces it rated bmep at the rated rpm, and that the propeller pitch ratio should be chosen so that this condition is attained.
Sea state, wind, hull roughness, propeller roughness, and draft all affects the speed-power relationship of the vessel. In most instances the changes are unfavorable e.g. bottom is rougher and weather is worse than under design conditions. In terms of the power-rpm plot, this means that the propeller characteristics will shift to the left of the curves. The consequences to the engine will result Figure 7 . Diesel engine matching point with power-propeller curve. Journal of Power and Energy Engineering in power loss. Either the engine must slow down, thus losing its power capability, or if rpm is to be maintained, the engine must be over loaded. But an eventual 20% increase in resistance at design speed appears to be reasonable estimate of the hull roughening factor for an ocean going vessel, Figure 8 is a power rpm curve when the resistance of the vessel is increased by 20%, it can be seen from the graph that the power has increase to 2718 KW at a vessel speed of 17 knots though the propeller speed is still within the operating range of 151 rpm as to design condition of 149 rpm. From the analysis it will be observed that for the rated power of the vessel to be achieved the engine will be strained therefore overloading the engine which is not a good practice. But because we are using a CPP it offers a solution to this dilemma. As well know, CPP has infinite possible pitch/rpm combinations for a given thrust requirement. With a CPP, the matching process is essentially the same, except that the margin need not be allowed. The change in pitch that is readily accomplished in service permits the engine to turn at the same rpm under both design and deteriorated conditions, and it is this constancy of rpm that is the benefit of margin with fixed pitch. The CPP therefore eliminates the need for the margin, and allow the vessel to develop full power under both trial and service conditions.
If the engine is unable to provide enough torque to turn the propeller, the shaft slows down, and the thrust and speed will drop to equilibrium. However this condition may not allow the engine to achieve full rpm for a fixed pitch
propeller, so the engine may smoke and lug and eventually suffer damage. This is especially a problem with turbo charged engines because they depend on air flow to cool the heads, and in the long run can be damage by lugging. Which is why we need to know the engine characteristics properly and the need for and choose the propeller pitch so that design speed is attained on trial trip with a bmep less than rated. Then when deteriorations occur in service, bmep can be increased up to the rating without overload. On sea trial trip, the engine will not reach its full power, and the vessel its maximum possible speed, because it will reach maximum rpm before reaching rated bmep. A partial remedy for this handicap is to allow a margin in rpm also. As it can be seen from figure 4.10, the advance ratio has shift from 0.53 in design condition to 0.35 in the sea trial condition consequently the propeller efficiency has also dropped from 0.566 to 0.52 with a corresponding pitch of 0.764. however because we are using a CPP and from the program design the range of pitch fall within 0.5 to 1.4 then the pitch range will be accommodated. This will have been a problem for fixed pitch propeller because the vessel will have been operating outside the operational envelope but CCP has eliminated this margin. So rather than operating the vessel out of the operational envelope which puts the engine on overload it can operate comfortably within that range because the CPP will adjust it pitch to suit the condition. For every change in resistance due to fouling, experiment shows that it is equivalent to a change of pitch.
Matching Point for Corresponding Gas Turbine Operation
From the Figure 8 it can be seen that if the gas turbine operation was to be run the matching point as indicated in the graph corresponds to 13,410 KW and 235
rpm. This is an indication that the program allow for both the diesel engine and gas turbine characteristics to be achieve. These values correspond to the existing diesel and gas turbine engines characteristics with the hull and propeller diameter. From Figure 9 of the open water diagram for gas turbine engine, the pitch which matches the propeller and develops the rated power and rpm is 1.092 in line with existing value. The torque and thrust coefficient as well as the advance coefficient obtained are all pointers to obtaining the real values when substituted into the various equations appropriately. With this the gas turbine is allow to run at its maximum speed, which is used intermittently while the diesel engine is use for the cruising speed.
Conclusions
The defect in CODAG leads to consideration of CODOG. If only one or the other engine is run, then each can be matched independently to the propeller so that each can develop its full capability. The only defect here is that the two engines cannot run together, since they would be over-speed, and maximum power is less than with CODAG. But with the CPP this offers a solution to the challenge.
The process of matching is basically one of working with the power-rpm or Journal of Power and Energy Engineering Figure 9 . Open water diagram for gas turbine with the matching pitch ratio.
torque-rpm characteristics of engine and of propeller. Since respective characteristics are always represented graphically, therefore the matching techniques will involve finding the intersection (i.e. Points where torque, power, rpm are equal) of these curves, then adjusting engine or propeller parameters to place these intersections at the desired location (John, 1976). Figure 6 shows the matching point for the diesel engine i.e. the point of intersects where the corresponding power and propeller rpm are achieved. With the use of CPP some aspects of the matching problem are eased, since pitch can be adjusted in service. With the adjusted pitch it gives a high degree of freedom which allows the operation of the propulsion plant at unfavorable points as can be seen in Figure 6 where ordinarily the propeller pitch has shifted from the design pitch of 0.856 to 0.764 in the sea trial design condition with increased resistance. At this pitch, though the engine power is 2700 KW which is still the rated power, the propeller rpm still remains at 149 rpm, but does not put too much load on the engine as in the case of a fixed pitch propeller. Rather the pitch has adjusted to achieve the desire result. It therefore becomes very imperative for the designer to utilize this degree of freedom from CCP by linking the pitch control and the throttle control in a definite program. This is the case in the case study vessel and is what has been developed through the prop-matching. 
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The ratio of the maximum propeller blade thickness to the length of the cord at a characteristics radius (0.75R). 
